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In addition to the gas composition, the effect of the gas gap thickness on discharge quenching has been studied. This is an important check because thin gas gaps of 1 mm, one half of the typical value previously used, have been introduced for the needs of LHC applications.
Finally preliminar results about the streamer formation time and its delay with respect to the avalanche precursor are reported.
Introduction
In recent years, in view of LHC upgrades, most of the R&D activity on Resistive Plate Chambers (RPCs) has been devoted to avalanche operation (see for instance [1] ). Nevertheless, low rate applications, such as neutrino [2] or astroparticle physics [3] , could still use RPCs operated in streamer mode, profiting of electronics simplicity (no amplification needed) and of the existence of safe and ecologic gas mixtures made of Argon (Ar) and TetraFluoroPropene (HFO) [4] .
The present paper is meant as an update of the studies performed on gas mixtures for streamer mode operation presented in [4] . In section 2 results about investigations performed on the use of TetraFluoroMethane (CF 4 ) as quencher are reported. The effects of the gas gap thickness on the streamer discharge are also discussed in section 3; in particular the behaviour of RPCs with 1 mm gas gap and 1 mm electrode thickness, a possible new standard in the detector production for LHC experiments, is shown. Preliminar results about the measurement of the streamer delay with respect to the avalanche precursor are finally reported in section 4: these measurements could be exploited to disentangle between different models of streamer formation.
Streamer operation of RPCs filled with gas mixtures containing CF 4
The studies described in this section have been performed, using the same set-up described in [4] , in order to test CF 4 , a gas widely used for other gaseous detectors (see [5] for instance), as a quencher.
Cosmic rays have been triggered by means of scintillators. The detector under study, a 60 × 70 cm 2 wide RPC with 2 mm gas gap and bakelite electrodes, was read-out by means of 3.5 cm pitch copper strips, whose output signals were digitized at 5 GSamples/sec. In figure 1 the efficiency and the single streamer charge are shown as a function of the operating voltage for a gas mixture composed of Ar, CF 4 and isobutane (i-C 4 H 10 ) in the volume ratios 52/43/5. As a reference, the same measurements for a gas mixture composed of Ar, TetraFluoroEthane (R134a) and i-C 4 H 10 in the volume ratios 48/48/4, are shown. It is worth noticing that the two mixtures are similar, but for the replacement of R134a by CF 4 . The mixture with CF 4 reaches full efficiency at 3.5 kV, more than 4 kV below the reference mixture; the efficiency plateau value is around 80% with a much higher streamer charge. This behaviour is typical of a low quenched mixture. Indeed a similar trend was observed in studies about ternary mixtures made by Ar, R134a and i-C 4 H 10 , decreasing the R134a percentage at fixed isobutane concentration [6] . In figure 2 typical single streamer waveforms are also shown for the two considered gas mixtures. The mixture with CF 4 has a higher integrated charge (85 vs 60 pC), resulting from a lower amplitude (150 vs 350 mV/110 Ω) and a higher full-width-at-half-maximum (45 vs 12 ns). It has also a higher risetime (4 vs 2.5 ns from 10% to 90% of the signal amplitude).
In conclusion CF 4 is not adviceable as a quencher component inside gas mixtures for streamer operation of RPCs.
Gas gap studies
Future upgrades of LHC RPC systems, designed for high rate operation in avalanche mode, are defining a new "standard" for the production of bakelite RPC gaps. Instead of 2 mm gas gaps with 2 mm electrode thickness, used so far in large systems, profiting of the lower charge released in the gas, of the better time resolution and of the lower operating voltage, future detectors will have 1 mm gas gap and, consequently, a lower electrode thickness (of the order of 1 mm) to keep the amplitude of the induced signal on the read-out strips as high as possible.
A study about streamer mode operation of a 10 × 10 cm 2 wide RPC, with 1 mm gas gap and 1 mm bakelite electrodes thickness, is reported in [7] . The detector was read-out by means of a single copper pad and flushed with gas mixtures made of Ar, HFO-1234ze and Sulphur HexaFluoride (SF 6 ). Decreasing the gas gap, streamers are faster and with lower charge. The time resolution also improves. However, as shown in figure 3 , the efficiency values at the plateau are lower and the quenching power dramatically decreases. This suggests that afterpulsing in streamer regime is mainly due to photo-conversion at the cathode. In general the new geometry is not suitable for streamer mode operation as a consequence of the much increased multi-streamer probability. On the contrary it would be interesting to investigate whether mixtures with low quenching power could be used with gas gaps wider than 2 mm.
Avalanche-to-streamer delay measurement
The time difference between the streamer and its avalanche precursor has been measured on a 10×10 cm 2 wide RPC with 2 mm gas gap flushed with a gas mixture Ar/HFO-1234ze=89/11 with and without the addition of 0.3% SF 6 . The measurements have been performed using cosmic rays with a set-up similar to that used for the studies of the previous section. Two examples of acquired waveforms are shown in figure 4 : in one of the two, the avalanche precursor is well separated in time, while in the other the precursor is invisible. For those waveforms with identified avalanche, the streamer delay has been estimated as the time difference between the maxima of the two signals.
With the considered gas mixtures, the detector reaches full efficiency around 8 kV and the streamer delay is measured to be between 7 and 8 ns from the precursor. Two examples of the distribution at full efficiency are shown in figure 5 for both gas mixtures, with an exponential fit over-imposed. Figure 4 . Examples of streamer waveforms acquired at full efficiency for an RPC detector flushed with a gas mixture Ar/HFO-1234ze=89/11. In the left plot, the avalanche precursor is well separated from the streamer and indicated by an arrow. Figure 5 . Examples of streamer delay distributions measured, with respect to the avalanche precursor, at full efficiency for a 2 mm gap RPC flushed with a gas mixture Ar/HFO-1234ze=89/11 with (left plot) and without (right plot) SF 6 addition.
Profiting of the data collected for the extensive gas mixture studies presented in [4] , a comparative analysis has been also performed about the streamer time, i.e. the time between the passage of a charged particle and the formation of the streamer in the gas, measured as the time at which the streamer waveform amplitude crosses a threshold of 50 mV/110 Ω. In the tests, the time was measured with respect to a reference scintillator in the trigger. In the left panel of figure 6 , the streamer time is shown as a function of the efficiency for Ar/HFO-1234yf binary mixtures, with different HFO (the quencher component) percentages, ranging from 26 to 34%. The same is shown in the right panel for mixtures containing a 20% fixed percentage of HFO-1234ze, added to Ar and Helium (He).
From the plots it is evident that at full efficiency the streamer time is independent from the HFO percentage, while the use of He, instead of Ar, leads to a faster streamer development.
Conclusions
In this paper different aspects of streamer operation are discussed for RPCs.
Concerning gas mixtures studies, TetraFluoroMethane has been tested in mixtures with Argon and isobutane, showing almost no quenching power.
New chambers, built according to the new geometry introduced for LHC RPC systems upgrade, with 1 mm gas gap and 1 mm electrode thickness, have been tested in streamer mode. A strong increase of the multistreamer probability is observed, making then not suitable for streamer mode operation.
Using gas mixtures made of Argon and TetraFluoroPropene, both the time separation between avalanche and streamer, as well as the absolute streamer time have been measured. The measured streamer delay, from the avalanche precursor, is between 7 and 8 ns, with a distribution decreasing exponentially in a rough approximation. A streamer formation has been observed for Helium based mixtures, compared to Argon based ones.
